The classification of plastic instabilities is discussed in view of situations where plastic instabilities of the strain-and strain-rate softening type may be traced back to the same physical mechanism. It is shown that in this case, depending on experimental conditions, transitions between various types of instability may take place. Under these circumstances, the classification of plastic instabilities may reflect parameters of the experimental setup rather than the intrinsic properties of the material. This is discussed in terms of a generic model for plastic instabilities of the strain-rate and strain-rate softening types. Predictions deduced from this model are compared to experimental observations and to results of numerical experiments on a theoretical model (the Ananthakrishna model) developed for the description of the Portevin-le Chatelier (PLC) effect.
Classification of plastic instabilities
Phenomenological classifications of plastic instabilities relate the critical conditions for the emergence of these instabilities to macroscopic characteristics of plastic flow. In a series of papers, Kubin and Estrin used the strain-hardening coefficient h and the strain-rate sensitivity S of the flow stress to characterize plastic deformation in order to obtain such a classification [1] [2] [3] . They consider a generic plastic flow rule which in differential form is given by da ext =/?de + Sdlne.
Plastic stability is considered in terms of the damping/undamping of strain fluctuations Δε. The response of the external stress to an (instantaneous) plastic strain increment is characterized by Acf x[ =-ΚΑε where the response coefficient Κ depends on machine properties and loading conditions. For tensile deformation under conditions of load control (as well as for localized perturbations in displacement control or an infinitely soft machine) K=-cf xt . For spatially homogeneous deformation in displacement control, on the other hand, Κ corresponds to a generalized effective stiffness of the system "sample + machine".
Using the incremental flow rule (1), it is readily seen that loss of stability takes place when the condition
is fulfilled. From this criterion, two basic types of plastic instability are distinguished, namely strain softening instability occurring for h + Κ < 0 and strain-rate softening instability occurring for S < 0. Recently, Zaiser and Hähner adopted a similar macroscopic approach towards classifying plastic instabilities [4, 5] , In these works, a refined constitutive law was used that adopts the suggestion of McCormick [6] to allow for transient relaxation phenomena in the response to a strain-rate change. An idealized transient behavior is assumed as depicted in Figure  1 . This is modeled by assuming the total flow stress increment to be given by [cf. Eq. 
dt rel i.e. asymptotically the stress response to a strain-rate change is given by ^Δΐηέ. While the instantaneous strain-rate sensitivity So is strictly positive, the asymptotic strain-rate sensitivity S 0 ο may become negative (strain-rate softening). The constitutive equations (3,4) yield a system of two equations describing the response of plastic flow to small perturbations. This is governed by the interplay of three characteristic time scales: / re i and
In terms of these characteristic times, the eigenvalues of the system are [4, 5] A 1 A,, = -
The system becomes unstable (i.e., perturbations become undamped) as soon as at least one of these eigenvalues has positive real part. As a result of the stability analysis, it is found that the criterion for strain softening instability, h + K< 0, remains unaffected for S" < So-On the other hand, the model yields a modified criterion for strain-rate softening instability,
It was shown in [5] that this framework for strain-rate softening instabilities not only covers the PLC effect but also other phenomena including low-temperature plastic instabilities [7] or the socalled pseudo-PLC effect [8, 9] , At the instability threshold, the eigenvalues are real-valued in case of strain softening and conjugate complex (Hopf bifurcation) in case of strain-rate softening instabilities. This corresponds to a different character of the stress-strain curves in the unstable regime: strain softening instabilities in most cases are characterized by a single stress drop (typically a yield point at the elastic-plastic transition) and a subsequent stress plateau which may be associated with the propagation of a Lüders band. Strain-rate softening, on the other hand, usually goes along with sustained oscillations manifesting themselves in the form of repeated stress drops in the stress-strain curves [4] ,
Strain and strain rate softening
It is straightforward to assume that the qualitative differences between strain and strain rate softening instabilities reflect qualitative differences in the underlying microscopic and mesoscopic deformation dynamics. However, there are objections to this argument both from a theoretical and from an experimental viewpoint. Experimentally, it is found that the formation and propagation of a Lüders band after yield may be observed in the same materials that exhibit, under slightly different external constraints, the oscillations that are characteristic of the PLC effect [10, 11] (cf. Figure 3) . The same observation has been made in numerical simulations that yield oscillating stress-strain curves as well as, under slightly different parameters, a yield point followed by smooth deformation. This has been found for the model of thermomechanical instability studied by Kubin, Spiesser and Estrin [7] as well as in simulations of the PLC phenomenon performed by Mesarovic [12] using a slightly modified version of McCormick's model [6] , To show that strain and strain rate softening phenomena may in certain cases traced back to common physical mechanisms, we consider the following generic model inspired by the models of 'pseudo-PLC' effects proposed by Brechet and Estrin [8, 9] : We assume that there is a 'softening' flow-stress contribution <f eX which decreases as a result of straining. Simultaneously, a competing mechanism which does not depend on straining tends to restore this contribution on a time scale t\. As examples, one may consider the deformation-induced destruction and diffusion-controlled restoration of short-range order, or the cutting and dissolution of precipitates with simultaneous diffusion-controlled re-precipitation. In case of the Portevin-le Chatelier effect, the softening is due to dislocations breaking free from their solute clouds while strength is restored by diffusion-controlled re-pinning of the dislocations by solute atoms.
For simplicity, we assume that both the destruction and restoration of <f d are governed by exponential relaxation dynamics. is in the steady state with a rel (£) = a 0 rel /(l + VO.
At the onset of deformation, the situation is different: Before yield, there is no plastic activity (έ = 0) and hence the relaxation dynamics (8) drives the system into the state σ rel = a 0 rel .
After yield, the flow stress contribution a rel goes through a strain-softening transient from σ^1
to σ ΓεΙ (έ). This leads to instability if the relation
is fulfilled. Comparison with Eq. (10) demonstrates that the regime of strain rate softening instability is always a subdomain of a larger regime of strain softening instability. Hence, even if an initial yield point is observed, subsequent oscillations may be suppressed. In particular, this is the case if Eq. (11) is fulfilled but in Eq. (10) the product έί ι is either very large or very small.
Discussion
The predictions derived from the previous, fairly general considerations may be checked by comparing with experimental data and with numerical experiments. Numerical simulations have been performed using a dislocation dynamics model proposed by Ananthakrishna [13] for modeling the deformation dynamics in the Portevin-le Chatelier regime. In particular, transitions between behaviour of the strain softening type (yield point followed by smooth deformation) and the strain-rate softening type (sustained plastic oscillations) have been studied. For a detailed discussion of the simulation technique, the reader is referred to [14] . There, we give also a critical assessment of the Ananthakrishna dislocation dynamics model in terms of the macroscopic plastic instability classification discussed in Section 1. Figure 2 shows simulations performed at two different strain rates in a parameter regime where deformation is characterized by an initial yield point and subsequent oscillations. Upon increasing the strain rate, the yield point persists while the plastic oscillations are suppressed. A similar behaviour was also observed when the machine stiffness was increased [14] .
Experimental data exhibiting a transition from yield-point behaviour to oscillations are shown in Figure 3 for an alloy exhibiting the Portevin-le Chatelier Effect. In this case, the strainrate has been kept constant but the temperature has been increased. This controls the diffusion of solutes which is a strength restoring process. Within the framework of Section 2, increasing temperature means decreasing the characteristic time t\. In agreement with the results of Section 2, one finds three regimes: both at large and at small temperatures (small and large /i), there is an initial yield point but no plastic oscillations, while in between yield point and subsequent oscillations co-exist. As expected according to Eq. (10), the same behaviour is also observed if temperature is kept fixed but the strain rate is increased.
The present considerations yield a simple explanation of this kind of behaviour: The initial yield point is due to the breaking free of dislocations which have been completely aged before the onset of deformation. This is essentially a strain-softening phenomenon. Subsequent deformation, on the other hand, is controlled by the interplay between two time scales, viz. deformation-controlled strength reduction governed by the strain rate έ and diffusion-controlled strength restoration controlled by the characteristic time t\. If the ratio between these two time scales is in an appropriate range, plastic oscillations are observed. The treatment of this interplay of time scales in Section 2 is fairly general, and the qualitative conclusions are expected to hold for any type of instability which can be treated within the phenomenological framework of strain softening vs. strain rate softening behaviour. Transition from yield point behaviour to plastic oscillations (PLC effect) with increasing temperature. After Bergström and Roberts [11] .
